Water is the most important solvent in nature. It is a crucial issue to study interactions among water molecules. Nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful tools to detect magnetic interactions for the structure analysis of a molecule with broad applications 1, 2 . But conventional NMR spectroscopy requires macroscopic sample quantities with hampers in investigating nanoscale structures 3 . Through quantum control of a single spin quantum sensor, magnetic resonance spectroscopy of nanoscale organic molecules 4, 5 and single molecules 6, 7 has been achieved. However, the measurement of the dipolar interaction of nuclear spins within a molecule at nanoscale and the analysis of its structure remain a big challenge. Here we suc-1 arXiv:1705.09201v1 [quant-ph]
ceed in detecting the NMR spectrum from an ice crystal with (6-nanometer) 3 detection volume. More importantly, the magnetic dipolar coupling between two proton nuclear spins of a water molecule was recorded. The resolved intra-molecule magnetic dipolar interactions are about 15 kHz and 33 kHz with spectral resolution at a few kHz. Analysis of the interaction-resolved NMR spectroscopy provides a spatial view of nanoscale ice crystal, from which the orientation of a water-molecule bond is derived and further the length of the bond can be got. This work enables NMR spectroscopy applications in single molecule structure analysis, provides a further tool for nanocrystalline and confined water research 8, 9 .
Water is the most important solvent in nature. The interaction among water molecules is a very crucial issue, for example it gives rise to the "hydrophobic force" which is responsible for membrane formation and contributes to protein structure. Yet, information on how water structure is on nanoscale is scarce. On the one hand it makes hard to observe in X-ray 8 or electron microscopy 10 that water comprises light elements. On the other hand bulk methods like dielectric spectroscopy 11 does not allow to access local information which is essential when water is interacting with solutes. Here we use nanoscale NMR to provide an unprecedented insight into water structure formation. Because conventional NMR spectroscopy requires macroscopic sample quantities 3 , extending NMR spectroscopy to structure analysis of molecule at nanoscale is a long standing goal. Recently, a single quantum spin sensor, the nitrogen-vacancy (NV) defect in diamond, has been developed to realize nanoscale magnetic resonance spectroscopy 12, 13 . During the last several years, magnetic resonance spectroscopy of nanoscale organic molecules 4, 5 and single molecules 6, 7 has been achieved. However, the measurement of the dipole-dipole interaction of nuclear spins within a molecule at nanoscale and the analysis of its structure remain 2 ellusive. In this work, we report the NMR spectrum from an ice crystal at (6-nanometer) 3 detection volume. More importantly, the magnetic dipolar coupling between two proton nuclear spins of a water molecule was recorded. The analysis of the interaction-resolved NMR spectra provides a spatial view of the ice crystal and the structure of water molecules inside.
The NV center is a highly sensitive atomic-scale magnetic sensor 14, 15 . It consists of a nitrogen impurity and a neighbor vacancy in diamond (Fig. 1a) . A spin triplet ground state of an NV center can be initialized and readout by 532 nm illumination. Such a physical system can be used for detecting magnetic fields. It performs high sensitivity and high resolution spin spectroscopy of targets both in diamond 16, 17 and near surface 4, 5, 7, [17] [18] [19] [20] . In our experiments, NV centers are implanted by 5 keV N + ions into a diamond of 50 µm thickness. The depth of shallow NV centers are identified by NMR based methods to measure the distance to protons to be 5-7 nm (Tabel S1 in Supplementary Information). The experiment setup is shown schematically in Fig. 1a . The magnetic sensor in diamond is mounted between a coplanar waveguide and a glass plate. The water is filled in the gap between the diamond and the coplanar waveguide, while paraffin wax is dropped around the gaps to prevent water from evaporation. The whole sample together with magnetic sensor and waveguide is connected to two semiconductor coolers in nitrogen gas atmosphere. The water sample is frozen to solid and its structure is a hexagonal crystal of I h , as shown in Fig 1b. The sensing volume of the protons in ice is around (6nm) 3 (Fig. 1b) .
The sensor-sample system Hamiltonian is H = H NV + H hf + H nuc . The NV sensor spin Hamiltonian is H NV = DS 
is the Larmor frequency of nuclear spins, ← → D m,n is dipolar interaction between nuclear spins m and n.
To detect the NMR signal of protons in water, a "lock-in-detection" method is used. A periodic dynamical decoupling pulse sequence, XY8-K is used to control the NV center. When the sensor is driven in synchrony with nuclear evolution ( π pulse intervals τ are adjusted to Fig. 2a ), the effective evolution of nuclear spin is given by A magnetic signal from nuclear spins causes the decoherence of sensor spin state, which is then readout optically after another π/2 pulse. By sweeping τ and converting it to frequency domain ( Fig. S6 ), NMR spectra are observed ( Fig. 2b ) . The NMR spectrum of water at room temperature is shown in the upper panel in Fig. 2b . Surprisingly, the full-width at half maxium (FWHM) of the liquid spectrum is much broader than the liquid spectrum from a conventional 400MHz-NMR spectrometer (Fig. S5 ). Even the liquid spectrum is broader than the solid spectrum by a same NV sensor ( lower panel in Fig. 2b ), which is opposite to conventional NMR spectra. In fact, it is a special phenomenon in nano-NMR spectroscopy due to the diffusion of sample at nanoscale sensing volume. The spectral broadening of liquid water comes from the fast diffusion of water molecules through the detection volume of the NV sensor 20 . To eliminate the diffusion and preserve the dipolar interaction, the water is frozen to solid. The spectral FWHM of frozen water is about 36 kHz, which mainly results from the dipolar interactions and the detection sequences. It is comparable with the solid spectrum from a conventional spectrometer. NMR spectra at various fields are observed (Fig. 2c ). The fitted resonant frequencies are proportional to the external magnetic fields. The observed gyromagnetic ratio 4.250(3) kHz/G matches well with proton nuclear spins. All spectra are verified with correlation spectroscopy ( Fig. S8 and Ref. 21 ).
The dipolar coupling is usually less than a hundred kHz. To detect this kind of weak coupling, a high-resolution strategy, correlation spectroscopy 20, [22] [23] [24] , is then carried out to resolve the nuclear spin interactions. With the periodic dynamical decoupling method, the coherence time T 2 of NV centers with depth of a few nanometers is at the order of a few tens of microseconds. The correlation spectroscopy extends the frequency resolution from 1/T 2 to 1/T 1 , which is about a few kHz for most of shallow NV centers, sufficient to resolve the intra-molecule nuclear spin dipolar interaction. The pulse sequence is described in Fig. 3a . The protocol consists of two dynamical decoupling sequences with the free evolution time T in between 22 . Both of the dynamical decoupling sequences are applied to correlate the NV sensor with proton nuclear spins. During the free evolution time T , the protons evolve freely under the external magnetic field and the mutual proton-proton dipolar interactions.
The method allows us to measure the free evolution of the transverse proton spin for an extented time interval T as shown in Fig. 3b . The frequency is 1838 ± 27 kHz which matches with Larmor frequency γ H B 0 = 1847 kHz of proton nuclear spins under the external field B 0 . To resolve the weak couplings, a correlation protocol with T = 110µs is taken to detect the NMR spectrum with a line-width on order of ∼ 5 kHz. Without losing any spectral information, an under-sampling protocol is carried out to record the evolution envelope of proton nuclear spins.
A modulation is observed on the correlation spectrum ( Fig. 3c ) and its fast Fourier transform (FFT) shows the frequency components more straightforward (Fig. 3d) .
The original spectrum, shown in Fig. 4a , is reconstructed from the spectrum in The homonuclear magnetic dipolar interaction is formulated by We assume that the ice on the diamond surface is a single crystal as our sensor only detects a sample with a few cubic nanometer volume. Under our experimental conditions, the ice single crystal has I h symmetry with azimuth angle (α, β) (inset in Fig. 4a ). In each I h ice crystal cell, there are water molecules with different orientations. In the ice, there are 12 different proton dimer orientations θ i in total and all of them depend only on the crystal azimuth angle (α, β).
The dipolar interaction of a proton dimer bond depends on the angle θ i (α, β) between the dimer 6 orientation with the external magnetic field, where i = 1, . . . , 12. The spectrum splitting, 3 4 δ (1 − 3 cos 2 θ), is determined by each of the proton dimer angle θ i and distance d in Fig. 1b .
The spectra are calculated by Table 1 . Three peaks in the spectrum, ∆f 0,1,2 , indicated by yellow, blue and red arrows in turn (Fig. 4a) , are contributed by proton nuclear spin dimers with directions θ 1,2 , θ 3∼10 , and θ 11,12 , respectively. The orientations are shown as circular conical surface relative to B 0 in Fig. 4c .
In the above analysis, we assume the proton dimer bond length to be 1.58Å. In principle, the distance d can be extracted by measuring the dipolar splitting under different θ. The dimer bond length resolution is about 0.1Å, which is estimated from a broadened spectrum with FWHM ≈ 6 kHz. In conclusion, we firstly observe the liquid and solid NMR spectra and firstly resolve the magnetic dipolar coupling of two protons within a water molecule. Through the analysis of the magnetic dipolar coupling spectrum, we resolved the orientation of an ice nanocrystal with (α, β) = (65 • , 79
• ) and the directions of proton dimers θ i:1∼12 which listed in Table1. We further can get the distance d between two protons in a molecule using the same spectral analysis method. Equipped by new technology with high sensitivity 7 and angle-adjustable magnetic field 26 , there'll be more constraints for the crystal orientations. Thus we can uniquely determine the dimer bond length and the angle for both by our method.
Detection of magnetic interactions is an essential part of the nano-NMR spectroscopy.
This work shows that NMR spectroscopy yields the structure analysis of ice crystal and a water molecule at nanoscale by an NV sensor. This work provides a further tool for single molecule structure analysis. Together with the previous work on nano-NMR spectroscopy 4, 5 , spectrally resolved dipolar interaction in small sample volume can yield valuable structural information as opposed to bulk NMR, where such interactions typically hamper structure analysis. Combined with detection of chemical shift, J-coupling and widely used nuclear spin labeled methods in conventional NMR, the structure of a single complex bio-molecule could be fully resolved by NV-based nano-NMR spectroscopy. More importantly, the detection of nanoscale water is a highly challenging scientific field in itself. As nanoscale proton configurations are especially difficult to observe under ambient conditions for both of STM or X-ray, the NV-based sensing provides a unique way to take a close snapshot of nanoscale configuration. For these reasons, the NV-based quantum sensing has the potential to shed light on a long standing challenge in structural biology: the role of water layers on protein structures. Water is the most important solvent in nature and water layers on surfaces or around molecules determine protein folding or the energetics of cell membranes. For example, the structure of water bound to surfaces such as proteins is of outstanding importance for their function but is only accessible by molecular dynamics simulation. Here we provide a method which enables to detect such structure. Besides, this work opens a way in the research of nanoscale confined water with a few atomic layers by magnetic resonance, which may reveal novel physical phenomena and gain fundamental knowledge of water related science 8, 9, 27-29 .
Methods cooling system
The whole sample area is cooled by two semiconductor coolers. The coolers are pasted on a cooper heat sink with silicone grease. The temperature of the cooper sink is measured to be -20
• C when a 17
• C cooling water is carried out on the heat side of the semiconductor coolers.
All the setup is mounted in a nitrogen gas atmosphere to prevent frost. The cooper heat sink is glued on the coplanar waveguide with silicone grease to cooling down the water stored between the waveguide and NV sensor in diamond. The lowest temperature measured by NV sensor is -7
• C.
calculation and fitting
To simulate the spectrum, we consider the proton nuclear spins to be interacted with adjacent proton or adjacent deuterium nuclear spins. The dominated coupling of adjacent proton-proton dipolar interaction is ∆f (α, β). The coupling splitting caused by proton-deuterium dipolar interaction is ∆f D (α, β). There're portion p deuterium-proton water molecule, such that there would be p/(1 − p) deuterium peak compared with only proton-proton peak. Considering the peak broadening ∆, frequency shift f shift and linewidth σ of the filter function, we have the fitting function,
The experimental spectrum is fitted by S(α, β, f shift ) with least square to find the optimized azimuth angles (α, β).
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